Xylem sap of log pieces of maple trees was collected by a novel pressure/decompression method developed recently for the mechanical drying of timber. Seasonal changes and spatial distributions of the osmotic potential, the pH and the concentrations of major solutes and of the plant stress-hormone abscisic acid (ABA) were investigated.
Introduction
Recently, Schill et al. (1992) developed a new method for the drying of wood. In contrast to conventional drying processes, the novel method drives water as a liquid out of the wood by establishing a pressure difference between the centre of a wood piece and its surface. The liquid obtained is pure xylem sap (see Discussion). The method is rapid and straightforward. Its application requires neither wood samples of a special shape nor seals at certain surfaces. The novel technique is also useful for research into xylem transport in ligneous plants because xylem sap from roots, trunks, branches, and twigs of these plants can be obtained rapidly and easily in large quantities.
In this study the xylem sap of young Acer platanoides trees was investigated. The seasonal changes in the concentrations of specific carbohydrates were recorded. In addition, the plant stress-hormone abscisic acid (ABA) was measured because it plays a major role as a root-toshoot stress signal that is transported in the xylem (Davies and Zhang, 1991; Khalil and Grace, 1993) . The ABA concentration in the xylem sap was plotted against rainfall to see whether a low soil moisture status, or increasing drought stress at the root, respectively, may act as a stimulus for the loading of the xylem with ABA in trees.
The spatial distribution between the base of the trunk and the crown of the xylem sap osmotic potential (n), the pH-value and those solutes that contribute most to n and pH was also investigated. Potassium (K + ) in the xylem sap was measured to find out whether living wood cells are damaged during the pressure treatment and, therefore, release K + into the apoplast. The ABA concentration in the xylem sap and the wood moisture content of individual stem segments were examined to obtain information about whether the local moisture status of the tissue can influence the xylem sap ABA content.
Materials and methods

Preparation of wood samples
In 1992 and 1993 approximately 50, 8-10-year-old trees of Norway maple (Acer platcmoides) were felled. The trees grew in the Hardtwald forest near Karlsruhe, Germany, and measured 4-6 m in height. Immediately after cutting the trees between 09.00 h and 10.00 h, segments of 25 cm in length were taken from the basal part of the logs, approximately 0.1-1.1 m aboveground, and trimmed to a length of 15 cm. The bark of the segments was removed, and approximately 50% of the segments were cleaved so that they would fit into the sap collecting containers (Fig. 1) . All samples were stored in plastic foil during the transport to the laboratory and subjected to xylem extraction within 30 min after cutting. To measure the distribution of solutes between the base of the trunk and the crown, two separate maple trees were cut into segments as shown in Fig. 6 . Further preparation of the samples was as described above.
air out sound absorber bottle compressor Fig. 1 . Schematic drawing of the apparatus used for the collection of xylem sap (not to scale). After releasing the pressure, xylem sap leaves the wood samples and is collected at the bottom of the containers inside the pressure chamber. Pressure chamber dimensions are: Inside diameter =53 mm, length = 3 m; maximum permissible pressure = lOMPa.
Collection of xylem sap
The log samples were placed into the sap collecting containers of a pressure chamber (Fig. 1) . A pressure of 4 MPa was then applied for 30 s (=pressure period) and afterwards released suddenly to ambient pressure (=decompression period). In the period of ambient pressure, xylem sap starts to move within the wood along the xylem vessels and leaves at the cutting faces. After 4.5 min, the pressure/decompression treatment was repeated. Routinely, five successive cycles of pressure and decompression were applied. The xylem sap that accumulated during the treatment in the containers was frozen and stored at -18 °C for further analysis. The dry weight of the log samples was measured according to the German standard DIN 52183 procedure. The wood moisture content (wmc) was calculated from the weight of the freshly prepared samples (n' frMh ) and the weight of the dried samples (w dry ):
Analysis of sugars and sugar alcohols in the xylem sap
A volume of 4 ml of xylem sap was mixed with 2 ml of an a-Dmethyl-glucopyranosid solution (SmgmT 1 ) as internal standard. The mixture was prepurified with a 10x30 mm A1 2 O 3 column and forced through 0.45 ^m syringe filters. Analysis of sugars was conducted with an HPLC apparatus using a 4.6 x 250 mm column filled with Polygosil-NH 2 5 fim 60 A (Macherey-Nagel, Dtlren, Germany), a type 6000A pump (Waters, Eschborn, Germany), a type R401 RI detector (Waters) and a type CR3A Chromatopac integrator (Shimadzu, Duisburg, Germany). The sugar content of the xylem sap was calculated from separate measurements using solutions of standard sugars (Merck, Darmstadt, Germany, analytical grade) or quebrachitol (Aldrich, Steinheim, Germany, pure grade). The limit for quantitative detection was approximately 1.5 mM for glucose and fructose and approximately 1 mM for sucrose and quebrachitol.
Analysis of quebrachitol and organic acids
The xylem sap was deionized with bonded silica columns (Sepralyte SCX and NH 2 , ICT-Ass-chem, Bad Homburg, Germany). The neutral fraction was eluated with aqua dest., the acid fraction with 1 N HC1. Quebrachitol in the neutral fraction was measured as trimethylsilylether on glass columns of 2 m x 2 mm packed either with 3% SE 30 or 3% Dexsil 300 (Richter et al, 1990) . Organic acids were analysed as trimethylsilyl derivatives on a glass column packed with 3% OV 225 (ICT-Ass-chem). The detector and injector (type 3600, Varian, Darmstadt, Germany) temperatures were 250 °C and 220 °C, respectively. The temperature of the column oven was initially 100 °C and programmed to rise at SXmin" 1 to 230 °C. The carrier gas was nitrogen with a flow rate of 25 ml min" 1 .
Measurement of pH and osmotic potential
The pH of the xylem sap was measured using a type pH196 pH meter (WTW, Weilheim, Germany) with a type 403 electrode (Ingold, Steinbach, Germany). The osmotic potential was measured cryoscopically employing an Osmomat 030 nanoliter osmometer (Gonotec, Berlin, Germany).
Analysis of ABA and potassium
Abscisic acid was measured immunologically using an ELISA with monoclonal antibodies as described by Mertens et al (1983) . Aliquots of xylem sap were mixed with TBS-buffer (TRIS-buftered saline: 50 molm" 3 TRIS, 1 molm~3 MgCl 2 , 150 mol m~3 NaCl; pH 7.8) and subjected to the ELISA. For analysis of potassium in the xylem sap a type FMD 3 atomic absorption spectrometer (Zeiss, Oberkochen. Germany) was employed.
Preparation of scanning electron micrographs
Cubes of approximately 7x7x7 mm 3 were cut out of several different samples of maple wood that had been subjected to the pressure/decompression treatment as described above. The cubes were soaked with ethanol overnight. Subsequently they were cut with a razor blade and air-dried for approximately 24 h. After sputtering with gold to a layer of 180 nm, the samples were examined under a type JSM 6400 scanning electron microscope (Japan Electron Optics Laboratory Ltd., Tokyo, Japan). The acceleration voltage was 25 or 28 kV, respectively.
Results
Seasonal changes of wood moisture content and xylem sap components
The wood moisture content of 52 A. platanoides trees was measured in the course of two successive years, and the results are shown in Fig. 2 . The highest values, i.e. wood moisture contents of 85-100%, were found in late winter (January and February) and in spring during the period from dormancy to bud burst, which started in the middle of March. Up to autumn, the wood moisture content decreased gradually and reached very low values of about 55% in September and October. Afterwards the wood moisture content increased again. This increase started during leaf abscission early in November.
Sucrose was the main solute in the xylem sap of A. platanoides. Glucose and fructose appeared in very low amounts in May 1992 and in February/March 1993. The sucrose concentration varied between 10 mM and 25 mM during January, February and March; it decreased during the period of bud burst at the end of March (Fig. 3) . Sucrose reached its lowest value of 1-6 mM 90--g 80" during the summer months. In 1992, the sucrose concentration increased during September whereas in 1993 higher sucrose concentrations were not found before November (Fig. 3) . The sugar alcohol quebrachitol was the second major solute of A. platanoides xylem sap (Fig. 4) . It was mainly present in concentrations of <2.0mM with peak values up to 7 mM. Its concentration varied widely during the year, but there appears to be a slight tendency of quebrachitol to increase during late autumn.
The concentration of ABA was below 100 nM for most of the year (Fig. 5) . It increased from May to July, peaking at 300 nM in 1992 and at 190 nM in 1993. High ABA concentrations were also measured in December 1992 and in January 1993.
Spatial distribution of wood moisture content, osmotic potential, pH, and solutes at the time of bud burst
During the period of bud burst in 1993, two small A. platanoides trees were felled and cut into the segments shown in Fig. 6 . Among the segments of tree A the wood moisture content varied within a narrow range, i.e. from 61-75%. In tree B one branch showed a particularly high wood moisture content, i.e. more than 80%, whereas all other segments had wood moisture contents similar to tree A. The osmotic potential (77) of xylem sap of segments close to the ground was 0.05 MPa (Fig. 7A) . It increased to approximately 0.2 MPa in the crown segments of the trees. The pH-value of xylem sap, on the other hand, decreased with the sampling height by approximately 1 pH unit (Fig. 7B) . Xylem sap of the base segments was neutral or slightly alkaline, whereas the pH of the crown segments was 6.1-6.3. The solutes which contributed most to 77 and pH were sucrose, quebrachitol, potassium, and malate (Fig. 8A-D) . All these substances increased with height, except for potassium in tree B. The increase of malate by a factor of 5 may be responsible for the decrease of pH with height. Citrate was also measured in the xylem sap (Fig. 8D) . The citrate concentration, however, remained constant at < 100 pM along the tree.
The concentration of ABA in the xylem sap at the time of bud burst was between 41 nM and 187 nM in tree A and between 40 nM and 145 nM in tree B (Fig. 9) . However, ABA was distributed neither homogeneously nor polarly. There were areas of high ABA concentration, predominantly at a height of 1.3-1.9 m, next to areas of low ABA concentration. The xylem sap ABA concentration was low, i.e. 63.8 + 5.3 nM (mean + SE), in the segments with a wood moisture content above 80% (cf. tree B*). The ABA concentration was higher, i.e. 75.8 + 6.2 nM, in parts of the tree with a wood moisture content of 70-80%, and highest, i.e. 102.9±9.5nM, in those segments with a wood moisture content of less than 70%. In tree A, where the wood moisture content was nowhere above 80%, the average ABA concentration was 100 not measured 95.2+12.2 nM. Precipitation had no clear effect on ABA in the xylem. When the ABA concentration of the xylem sap is plotted against rainfall within the previous 8 d, only a slight tendency for ABA to increase with soil moisture may become evident (Fig. 10) .
Discussion
The first question to address is the purity of the sap, i.e. whether living cells, for instance ray parenchyma cells, are damaged by the pressure/decompression treatment and contaminate the collected xylem sap. The answer is no. Firstly, the low potassium concentration of 3-6 mM indicates that the collected xylem sap is free of cytosolic contamination. Assuming that the concentration of K + in the protoplast is 100 mM and 5 mM in the apoplast, and that the proportion of parenchyma cells in Acer wood is 16-18% (Wagenfllhr and Scheiber, 1985) , then a mixture of the solutions of both compartments would yield a K + concentration of 20-23 mM which is not the case. K + was used already by Hartung et al. (1988) as a marker for cytosolic contamination in apoplastic sap of cotton leaves. In their experiments, pressures of 3.5-4.0 MPa were applied. This did not cause rupture of living cells and release of K + into the apoplast. Potassium concentrations similar to those measured in the present experiments have been found in the xylem sap of beech, spruce and eucalypt without pressure/decompression treatment (Glavac et al, 1989; Kazda and Weilgony, 1988; Stark, 1992) .
Secondly, other living plants, for instance Nitella sp. and Elodea canadenis, with cell walls much thinner than wood parenchyma cells, have been subjected to the pressure/decompression process. Immediately after decompression, the plants were examined with a light microscope. No damage of the cell walls or other structures was observed. The cells showed lively cytoplasmic streaming, indicating their vitality and intactness.
Thirdly, scanning electron micrographs of wood samples after pressure/decompression treatment show that no damage of the pit membranes between cells of the wood parenchyma and the xylem vessels had occurred. On the other hand, perforations of the intervessel pits did occur occasionally (Fig. 11) . However, this kind of damage does not cause contamination of xylem sap with cytosolic solutes.
Sucrose was the main solute of Acer platanoides xylem sap. Its concentration changed markedly with the seasons, rising to a long lasting maximum in autumn and winter. After bud burst and onset of leaf growth sucrose declined to concentrations of 2-5 mM. Starch degradation during the winter dormancy was reported for A. pseudoplatanus by Essiamah and Eschrich (1985) . They found that the cells of the xylem parenchyma were completely filled with starch at the end of October, but no starch was found in February. This change may be involved in protection against frost damage (Essiamah and Eschrich, 1985; Cortes and Sinclair, 1985) , but further experiments are needed to verify this hypothesis.
Starting in March with bud burst, a loading of the xylem with sucrose was observed in A. platanoides in the present investigation. As the trees were devoid of an appreciable leaf surface at the time, a transpiration stream as driving force is unlikely. Transpiration from the bark may account for sap movement only to a minor extent. Therefore, the high sucrose content in the crown must originate from neighbouring parenchyma cells rather than from cells of the basal part of the stem or from the roots. But sucrose might also be transported, as the occurrence of a high sucrose content in the stem during bud burst of A. pseudoplatanus indicates (Essiamah, 1982) . He found sucrose concentrations of approximately 50 mM in bleeding sap of stems at various heights above-ground. This suggests, in contrast to the results of our investigation, a loading of sucrose into the xylem sap in basal parts of the trunk or in the roots and its subsequent upward transport. Hydrolysis of sucrose apparently plays no role in A. platanoides. Only very small amounts of glucose and fructose were found in February and March.
Quebrachitol, the second major carbohydrate in A. platanoides xylem sap, showed only minor seasonal changes with a small peak in November. The physiological role of quebrachitol is still mysterious. Quebrachitol is synthesized from m-inositol via epimerization of bornesitol and is found frequently in various tissues of members of the genus Acer (Hegnauer, 1964; Plouvier, 1990; Schilling et al., 1972) . Perhaps it is only a companion of sucrose without any special function. However, little is known about the function of cyclitols and acyclic polyols in higher plants. They may be cryoprotectants, organic osmolytes or carbon storage compounds (Richter and Popp, 1992) . Furthermore, they may serve as mobile reserves, as storage material of reduction equivalents, and they may be involved in the regulation of coenzymes (Loescher, 1987) .
Using our novel technique, it was possible for the first time to measure the total spatial distribution of several solutes, pH and n in a tree. The measured rise of IT with the sampling height coincided with an increase of sucrose, quebrachitol, K + , and malate. Application of van't Hoff's equation shows, however, that the sum of the measured solutes accounts only for n at the stem base. With increasing height, a difference between solute concentration and n of approximately 0.05 MPa develops. This means that additional solutes must be present in the sap. These could be ions besides K + or ureides (Reinbothe and Mothes, 1962; Pate, 1980) . Amino acids have been analysed, but they occur in concentrations much too low to contribute significantly to the osmotic potential of the xylem sap (data not shown). In both trees investigated during this study, the difference in osmotic potential would be sufficient to move water up the trunk into the crown region. There the xylem sap was more acidic than at the base. The 5-fold increase of malate from the base to the crown may explain this pH decrease. Citrate is probably not involved as it is distributed homogeneously along the stem.
ABA showed clear seasonal changes of its concentration in the xylem sap with a maximum from May to July. The increase of ABA coincides with the beginning of leaf growth. The growing leaves may be a source of ABA, releasing ABA from their phloem elements into the xylem vessels. On the other hand, ABA in the xylem may originate from the roots because a transpiration stream starts to move with leaf development. A seasonal change of ABA was also described by Wartinger et al. (1990) for almond trees. However, the plants used in their investigation grew in the desert under a slight water stress whereas our trees were not drought-stressed over the entire period investigated. The water table at the site was always high. Rainfall did not cause a decrease of ABA in the xylem which one would expect according to decreasing drought stress in the root. In some trees an increase of ABA rather than a decrease could be observed. This increase is probably induced by flooding stress which can enhance ABA in xylem sap due to oxygen shortage at the roots (Jackson, 1991; Zhang and Davies, 1987) .
No clear spatial pattern was observed for the ABA concentration during the time of bud burst. However, certain regions of ABA accumulation were obvious. This wood moisture content is a likely signal for stimulating ABA synthesis and release.
In order to describe the xylem sap expulsion a qualitative model concept was developed for hardwood (Fig. 12) . It is based on the assumption that upon subjecting the wood to a high pressure atmosphere, compressed air penetrates into the pneumatic wood system. In a simple case the pneumatic wood system consists of the air-filled axial and radial intercellular spaces, while all of the cell cavities are liquid-filled. The air components can, in accordance with their partial pressures, become dissolved through a large internal area (Fig. 12A) . Due to the short diffusion paths (micron range), a comprehensive saturation of the xylem sap is possible in just a few seconds. A subsequent rapid decompression releases the air which forms small bubbles, displacing the xylem sap (Fig. 12B) . The bubbles which are thus created expand further and unite to minimize the phase boundary area (Fig. 12C) . Later on air-water menisci form as a result of the continuous sap displacement (Fig. 12D) . However, some of the dissolved air may diffuse back to the elements of the pneumatic wood system to escape unused. A more detailed description of the physics of the sap displacement will soon be given elsewhere.
Xylem sap of twigs and leaves is commonly obtained by the pressure bomb method. The quantities of sap obtained are small, and the method fails to yield sap of sturdy branches and trunks. Xylem sap of trunk wood is obtained, therefore, by the water displacement method, which likely causes dilution of the sap (Glavac et a/., 1989) . Water-saturated butanol has also been used as a displacing agent in vacuum extraction experiments (Moreno and Garcia-Martinez, 1980 ). However, butanol may destroy membranes of wood parenchyma cells and cause contamination of the apoplastic solution with solutes of the protoplast.
The novel pressure/decompression method employed with maple trees provides an uncomplicated and rapid means of obtaining xylem sap in large quantities. No sealing of the wood samples is needed, no special shape is required. Compressed air, or an inert gas like nitrogen, can be used to displace the xylem sap. The risk of dilution or contamination is practically zero. When the apparatus is mounted on a mobile stage, xylem sap can be obtained at the site within a few minutes after cutting a tree.
